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ABSTRACT

Far infrared photoconductors have a variety of practical advantages that have led to their being used
successfully in the majority of astronomy missions in this spectral range, and to be planned for a number of
missions currently under development. The best currently demonstrated performance agrees well with
theoretical predictions for these devices, as shown by an analysis of the performance demonstrated by the
Ge:Ga 32x32 pixel array developed for SIRTF. This array should operate at the natural background limit
set by the environment of the earth in space. Future development can lead to much larger arrays, lower read
noise, and modest improvements in quantum efficiency.

1. INTRODUCTION

Most of our knowledge of the universe at far infrared wavelengths has been obtained with photoconductive
detectors, particularly as used in IRAS (the Infrared Astronomy Satellite) and ISO (the Infrared Space
Observatory) and planned for SIRTF (the Space Infrared Telescope Facility), Herschel, and Astro-F. The
widespread use of these devices can be traced to their many advantages, as summarized in Table 1.

Table 1: Advantages and disadvantages of far infrared photoconductors

Advantages Disadvantages

e Excellent NEPs e Calibration issues

e Construction in large filled arrays e Large cosmic ray cross sections
e Readouts can operate with no AT e Modest QE (15 - 25%)

e “High” operating temperatures (~ 2K) e G-R noise (V2 penalty in NEP)
e Integrating detector/amplifier leads to simple

multiplexinging, low data rates

Large dynamic range (with gain-switching readouts)

e Demonstrated solution of systems level issues for space
flight

The use of far infrared photoconductors for the great majority of space missions for this spectral region
indicates that these advantages have overridden the sometimes serious disadvantages also listed in Table 1.
The purpose of this review is to examine the performance achieved against the measure of theoretical limits
to performance, and to describe the progress made to mitigate the disadvantages.
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2. SAMPLE APPLICATIONS

2.1 IRAS

The 60 and 100um bands in IRAS' utilized 15 Ge:Ga photoconductors each. The detectors were read out
with transimpedance amplifiers (TIAs) that used JFET first stages that were mounted in a way that isolated
them thermally so they could be heated to operate in a low noise and stable regime **. The TIAs were an
optimum choice given the requirement for good frequency response to match the continuous scan of the
IRAS survey, and the desire to stabilize the detector biases to improve dynamic range and avoid a number
of non-ideal effects. Detector calibration was maintained by flashing reverse bolometer stimulators
mounted in the center of the telescope secondary mirror. Cosmic ray effects were erased by boosting the
detector bias to breakdown . The intrinsic performance of the detectors was limited by the Johnson noise
of the TIA feedback resistors and by other noise sources associated with the readout. The in-flight
performance was similar to expectations from pre-flight calibrations.

2.2 ISOPHOT

The ISOPHOT instrument’ carried a 3x3 array of unstressed Ge:Ga detectors and a 2x2 array of stressed
devices. The readout was by a capacitive transimpedance MOSFET amplifier whose processing had been
adjusted to improve its performance at low temperatures®. The readouts were mounted close to the focal
plane and cooled to a similar temperature. Calibration was assisted with a calibration stimulator built into
the instrument, and which could be viewed by adjusting the position of a scan mirror. In practice, the
unstressed focal plane never achieved the performance level anticipated from laboratory measurements of
its NEP. Its observed performance was limited by long time constant behavior associated with residual
instabilities in the readouts, with the relatively high operating temperature of the detectors and resulting
variable dark current, from the effects of cosmic ray hits, and from the intrinsic slow response of the
detectors. The performance of the stressed devices was substantially better, due in part to the relatively
large fast response component of these devices (compared with the slow component) and their better
thermal isolation from the readout amplifiers.

2.3 Long Wavelength Spectrometer LWS

The LWS instrument on ISO’ used a single Ge:Be detector, five Ge:Ga devices, and four stressed Ge:Ga
detectors. The readouts were based on JFETs, mounted with thermal isolation and heated to a temperature
where they operated with good stability and low noise. The readout circuit was an integrating source
follower. NEPs of ~ 1 x 10™"* W/Hz"? were measured in the laboratory®. Calibration was assisted with built
in stimulators that were flashed between spectral scans. On orbit, it was found that frequent small glitches,
probably associated with cosmic ray hits, limited the maximum integration times to shorter values than had
been anticipated but otherwise the detectors operated approximately as expected from pre-flight
calibrations’.

3. DESIGN FUNDAMENTALS

As summarized above, there is an extensive and generally successful history of use of Ge:Ga
photoconductors in space far infrared astronomy. Other papers at this conference will discuss the
development of focal planes for Herschel and Astro-F based on these devices. In this section, I discuss the
fundamental performance limits for far infrared photoconductor arrays, and illustrate them with the pre-
flight measurements of the behavior of the 70pum array developed for SIRTF'.

3.1 Material Properties

A variety of shallow dopants in germanium could in principle be used for far infrared detectors with
photoconductive cutoff wavelengths near 100pum'’: As (A, = 98um); P (A, = 103um); In (A, = 111um); Ga
(A = 115um); B (A, = 119um); and Sb (A, = 129um). These materials have similar absorption cross
sections, ;=1 to 1.6 X 10"* cm® '2. From the barrier height associated with detection at 100pm, a simple
quantum mechanical calculation demonstrates that impurity concentrations of ~ 1 x 10'> cm™ or more will



lead to large dark currents due to hopping, so high performance material is limited to concentrations of a
few times 10'* cm™. Thus, given the fundamental upper limit on dopant concentration and the similarity of
ionization cross sections, there is no obvious advantage of one material over another. Ge:Ga is the most
mature technology and has been widely employed in focal planes on space-borne telescopes. There is also
interest in Ge:Sb because of its longer cutoff wavelength.

3.2 Detector Geometry

The absorption cross sections and maximum impurity concentrations discussed in the preceding section set
the basic boundary conditions for detector geometry, since they yield absorption lengths of 1 — 3 cm. A
number of considerations lead to a need for detector dimensions substantially less than these absorption
lengths — among them are the cosmic ray hit rate in space, and the need to control optical cross talk in
detector arrays. The implications of this long absorption length are illustrated by the design of the MIPS
array.

The array is based on bars of Ge:Ga that
are 4mm long along the direction of detector Vbias
photon incidence (see F.igure 1). At. thg photons
back of each bar but not in contact with it
is a mirror of aluminized sapphire that _>
reflects escaping photons back into the

mirror

detector. This geometry provides a total optical o g
path length of 8mm (ignoring additional concentrator to amplifier
reflections from the detector front face S IYTTETRTPIREIEYENEY =
and the extra path for photons at off- 4mm

normal incident angles). Each bar is 32 Figure 1 MIPS Array Detector Geometry

pixels long into the page as drawn in

Figure 1, and the individual pixels are

delineated by individual contact pads on the output side of the detectors. Structure to hold the detector bars
is hidden by optical concentrators, in the form of optical wedges of intrinsic germanium that are glued to
the detector faces.

This design appears to produce the expected absorption efficiency. The Ga concentration in the detector
material is 2 x 10" ¢cm™, and the absorption cross section is 1 x 10™* cm? so the absorption length is
expected to be 2 cm. The reflection loss at the entry face of the concentrator is 0.36, and at the interface
between concentrator and detector is about 0.15. The predicted absorption is therefore (1 - re,) x (1 -
Teonder) X (1 - 5m2™) = 0,18 (ignoring small corrections such as the return reflection from the detector
front face). The measured detective quantum efficiency of the detectors is 18%, in fortuitously good
agreement with the predicted absorption.

The long absorption path provided by this detector geometry dictates the use of transverse contacts. If a
transparent contact geometry were to be used, with a contact spacing of 4mm, the responsivity would be S
< 1.5A/W at the primary operating wavelength of 70um, assuming photoconductive gain G < 1. To reach
the photon background limit would require an amplifier with read noise less than 50 electrons rms, which is
not currently realizable given the other constraints on the readout such as operating temperature and
capacitance in the detector/readout interconnect. The transverse contacts are placed across the 0.5mm
thickness of the detector bars, and at a nominal operating bias of 50mV the device provides S =7 A/W at
70um. By combining this result with the measured detective quantum efficiency, we derive that G =0.7.

A final constraint on the detector size is set by optical cross talk requirements, at least in the MIPS arrays
where adjacent pixels are all in a single detector bar and are delineated by the contacts. A simple geometric
calculation leads to the estimate that, for a projected pixel of A/2D at A = 100pum and a pixel length of 8mm,
a pixel width of 0.5mm or greater is required for crosstalk less than 2.5%, independent of the telescope
aperture. A somewhat larger width of 0.75mm was selected for the MIPS array, both to make construction
easier and to allow multiple instrument modes that illuminate the array from slightly different angles. The



most sensitive test of the cross talk is a comparison of the imaging determined in the instrument as it was
aligned with optical light, viewed heavily oversampled with a TV camera, and in the far infrared
illuminated with pinhole sources at the instrument focal plane. There is no measurable deviation in the far
infrared imaging from the predictions of the optical alignment testing. This result shows that the cross talk
is < 5%, consistent with expectations.

4. CALIBRATION

At high backgrounds such as might be encountered in an airborne instrument, photoconductors behave
relatively well, with rapid adjustment of the detector resistance to a new value appropriate to a new
illumination level. As the background is decreased, the adjustment to equilibrium levels occurs in a
multiple step process with multiple associated time constants. Thus, the detectors can be used in a
straightforward manner at high backgrounds but precautions must be taken at low ones to track the
calibration.

4.1 Causes of Calibration Variability

A fast response component results from the current conducted within the detector volume resulting from
the drift of charge carriers freed by absorption of photons. The speed of this component is controlled by the
recombination time in the material, and hence is in fact very fast by normal detection standards. However,
as charge moves within the detector, the electrical equilibrium must be maintained. For example, charge
carriers generated by photoionization are removed from the detector when they drift to a contact. They are
replaced by injection of new charge carriers from the opposite contact, but the necessity for new charge can
only be conveyed across the detector at the “dielectric relaxation time”, basically its capacitive or RC time
constant:
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Here, «j is the dielectric constant of the material and p is the mobility for the charge carrier of interest, & is
the permittivity of free space, n, is the density of free carriers, and ¢ is the charge on the electron. The form
of this time constant makes explicit the dependence on illumination level through the density of free charge
carriers, n,. In fully illuminated detectors (for example, in integrating cavities) and at the low backgrounds
appropriate for space-borne operation, 7, can be tens of seconds.

In transverse contact detectors, the part of the detector volume near the injecting contact may be poorly
illuminated and have large resistance. The detector therefore adjusts to a new equilibrium only at the large
dielectric time constant of this layer, which can be hundreds of seconds at low backgrounds. The initial
shift of charge in the detector can set up a space charge that reduces the field in the bulk of the device,
leading to a reduction of responsivity following the initial fast response. From its appearance on a plot of
response versus time, this behavior is described as “hook™ response. As the field is restored at a
characteristic rate of 7, the response grows slowly to a new equilibrium value (see Haegel et al." for
detailed modeling).

Ionizing particles such as cosmic rays also affect the calibration of these detectors. In a p-type detector such
as Ge:QGa, the electrons freed by a cosmic ray hit can be captured by ionized minority impurities, reducing
the compensation and increasing the responsivity. A similar process operates in n-type detector material.
The shifts in detector characteristics can be removed by warming it to a temperature that re-establishes
thermal equilibrium, and then cooling it back to proper operating conditions. Other processes can be
partially effective in restoring the behavior, depending on the detector material and the characteristics of its
readout.



4.2 Dealing with the Problems

All successful uses of far infrared photoconductors at low backgrounds have included local relative
calibrators of reverse bolometer design that allow an accurately repeatable amount of light to be put on the
detector. In general, this strategy is most successful when the conditions of measurement are changed the
least to carry out the relative calibration.

The MIPS instrument includes such calibrators, and the baseline plan is to flash them every two minutes.
Based upon data obtained at a proton accelerator, we expect that the average increase in response over a
two minutes period in the space environment will be about 0.5%, so the calibration interval allows tracking
the response accurately. An additional precaution to improve the photometric behavior is to take the data in
a way that depends primarily on the "fast" detector response. This response should be free of many of the
long-term effects that can complicate calibration. To place the signals in the fast response frequency
regime, the instrument uses a scan mirror based on the one developed for the SWS instrument on ISO
(plans for which were provided by T. DeGraauw) to modulate the signals on the array. Additional
important features are that the detectors are operated at about 1.5K, well below the temperature where dark
current variability is an issue (at ~ 2.5K and warmer), that the readouts have excellent stability even at their
operating temperature of ~ 1.5K', and that the heat from the readouts is carefully isolated from the
detectors. Finally, the instrument operations force observers to combine many short observations of a
source into a single measurement. The high level of redundancy in the data will help identify outlier signals
and will also improve the calibration by simple averaging over variations.

These measures appear to be effective in tracking the calibration accurately. For example, Figure 2 shows
the accuracy with which a stimulator flash is tracked by the average of the flashes before and after. The
standard deviation of the variations is less than 1%, and it includes a significant contribution by shot noise
from the stimulator outputs - that is, the detector behavior is tracked to well under 1%. A model calculation
by Haegel and Smylie (private communication) shows that the effect of the stimulator flashes on the
measured signal from a faint source is small, of order 10% or less. This effect decays rapidly with time
after the stimulator flash. The design of the MIPS instrument enforces that observations of a source are
made repeatedly and over the full range of times from one stimulator flash to the next, so a simple average
of these measurements will return a calibrated measurement to an accuracy of 3 - 4%.

A final issue in utilizing these instrument
features is that the instrument must operate
efficiently in the cosmic ray environment -
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Figure 2 Result of calibrating stimulator flashes against
each other

Figure 3 illustrates a cosmic ray hit that occurred during instrument tests. A linear least squares fit has been
made to the two integration ramps, one before and the other after the hit (with a small number of points
immediately after the hit excluded). Figure 4 shows a comparison of slopes before and after similar cosmic
ray hits. A large number of hits have been combined and the results are plotted as a function of the size of
the jump in the integration ramps. The error bars indicate one standard deviation in the ratio of average
integration ramp slopes before and after the hits. There is a very slight tendency for the slope to increase
after very large hits, but in general the change in slope is within the read noise and hence data post-hit can
be combined with data pre-hit with only a small loss in effective integration time or shift in the calibration.
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Figure 3 Cosmic ray hit during
instrument test causes a jump in the
integration ramp. Slopes have been
determined for each ramp segment by
fitting lines by least squares. The duration
of the integration is about 10.5 seconds
i and a DN is about 7 electrons.
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5. ACHIEVED PERFORMANCE

Because the MIPS array design is driven by theoretical limits for the operation of Ge:Ga photoconductors,
its performance is of interest as a benchmark for far infrared arrays in general. Table 2 lists some of its
salient characteristics.

The cryogenic readouts are critical for obtaining the performance quoted. Two important aspects are the
excellent stability at a temperature of ~ 2K (and even below 1K from additional measurements), and the
ability of the CTIA circuit to maintain the detector bias during cosmic ray hits and other large signal events.
The shortcomings of photoconductors with regard to accurate calibration appear to be manageable with
frequent relative response measurements using stimulators in the instrument.

Improvements can be anticipated in a number of areas. The read noise is in agreement with the measured
read noise for the bare readouts, degraded by the capacitance of the detectors and the interconnect between
them and the readout. Improvements are possible in the readout processing for low noise, and there is a
tradeoff in detector size and interconnect capacitance that could be adjusted to achieve lower noise. The
detective quantum efficiency could be improved to ~ 25% by applying antireflection coatings to the input
face and to the interface between concentrator and infrared-active material. The dynamic range could be
improved by using a readout with gain switching. Finally, it is possible to increase the array format, either



by stacking more modules similar to those used in the MIPS array to achieve 32xN pixels, or to expand the
format to 64 pixels or more. We are far from fundamental obstacles to any of these improvements. Given
the systems level advantages of photoconductors for large arrays, the enhanced performance that is possible
will continue to make such devices highly desirable for future infrared astronomy missions.

Table 2 Performance achieved with MIPS 70um array

Parameter Achieved Value
Format 32x32 pixels, each 750um square
Operability 99.8% for the flight array
Fill factor ~100%
Read Noise ~ 130 electrons rms
Responsivity 7 A/W at 70pm
Detective quantum efficiency 18%
NEP 1x 10" W/Hz'"” in 10 s integrations @ 100um
Calibration Repeatability Better than 1%
Operating temperature ~2K
Dynamic Range 100:1 above “dark” sky
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